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Abstract 
Greenhouse gas emission from industrial production and human living has been widely recognized as 
one of the primary reasons which cause global climate warming. CO2 sequestration in saline aquifers 
plays an important role in effectively reducing the greenhouse gas emission. Numerical modeling can be 
used to quantitatively analyze the effect of some formation properties on the storage processes of CO2 in 
saline aquifers. Magnetic resonance imaging (MRI) technology may be used to observe the evolution of 
CO2 plume through time in porous rocks and hence provide an effective means for validate the reliability 
of the numerical modeling. Based on a combined use of the numerical modeling and the MRI 
measurement of the vertical injection of the supercritical CO2 into water-saturated rock cores, this study 
presents a lab-scale investigation on the influence of the heterogeneous and anisotropic permeability, the 
CO2 injection rate and capillary pressure on the transport of CO2 plume as well as the CO2 utilization 
efficiency of subsurface space in saline aquifers. Our results indicate: 1) both the heterogeneity and the 
anisotropy of permeability can enhance the CO2 displacement efficiency. Ignoring these two permeability 
properties can cause the obvious deviation in the predicted CO2 saturation and transport processes by the 
model; 2) the enhanced sequestration efficiency by the anisotropy depends on the degree and spatial 
extension of itself. If the approximately stochastically distributed permeability anisotropy represents 
natural conditions, specifying the constant ratio of the vertical permeability to the horizontal one in the 
model to mimic the real permeability can lead to the obvious over-estimation of the CO2 displacement 
efficiency. Besides, the displacement front of the CO2 plume tends to pass through the region with the 
higher vertical permeability, thus forming the anomalistic shape of the displacement front; 3) the capillary 
pressure can influence the CO2 utilization efficiency in the rock core significantly, and tends to inhibit the 
movement of pore water, which accordingly lowers the CO2 displacement efficiency; 4) the CO2 
injection rate can largely affect the CO2 displacement efficiency. The final CO2 saturation of CO2 in the 
rock core is notably enhanced with the increasing injection rate. 
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1. Introduction 
The geological sequestration of CO2 has been widely recognized internationally as an important means 
for effectively reducing atmospheric CO2 emissions [1-5]. Deep saline aquifers can provide the highest 
CO2 storage capacity compared to other geological venues (e.g. depleted oil and gas reservoirs, deep 
unminable coal bed) [6]. Therefore, the CO2 sequestration in the deep saline aquifers is regarded to be the 
most potential one among all the CO2 storage technologies [5, 7].  
Both experimental measurement and numerical modelling have been used in the studies of migration 
processes of CO2 in porous rocks. Experimental measurement based on magnetic resonance imaging 
(MRI) and X-Ray computed tomography (CT) can directly observe the migration process of CO2 in 
porous media. Thus, the influence of some formation properties such as capillary pressure, permeability 
and the relative permeability on the transport of CO2 plume as well as the final CO2 displacement 
efficiency can be visually analyzed [8, 9]. Comparably, the numerical modelling can assist to understand 
the processes which cannot be easily observed by these experimental measurements and has been used in 
combination with history matching core flooding experiments [8, 10, 11].  
In this study, based on a combined use of the experimental measurement and the numerical modelling, 
the CO2-water displacement process in porous media is investigated, and the influence of some formation 
properties or factors such as the heterogeneity and anisotropy of permeability, the CO2 injection rate and 
the capillary pressure on the migration and displacement efficiency of CO2 in porous media is also 
analyzed.  
2. Experimental work 
2.1. Experimental apparatus and materials  
The process and efficiency of the CO2-water displacement were tested by injecting the supercritical 
CO2 into a packed bed of glass beads saturated with water. The glass beads with a diameter ranging from 
0.105 to 0.125mm were packed tightly into the high-pressure imaging vessel to construct the porous 
media. The permeablilty of the constructed porous media is measured to be equal to 11.3D and the 
porosity reaches ~36.0%. 
The used MRI system is a Varian 400M NMR spectrometer with a 9.4 Tesla magnet and micro 
imaging kits including a 55 mm i.d. gradient coil and a 40 mm i.d. 400 MHz 1H millipede vertical 
imaging probe. A 200mm long high pressure imaging vessel with 15mm inner diameter was inserted 
vertically into the MRI system. More detailed introduction of the MRI system and the imaging vessel 
have been presented in the work of Liu et al. [12].  
2.2. Experimental procedure 
The supercritical CO2 was injected vertically downward into the constructed porous media at the 
pressure of 8.0MPa and the temperature of 40°C which mimic the temperature and pressure conditions of 
the real saline aquifers at a burial depth of ~800m. The CO2 injection rate was 3.0ml/min. Backpressure 
was controlled by a backpressure control set composed of a valve, a container and a pressure control 
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pump. MRI data acquisition was initialized simultaneously with the CO2 injection. All the MRI images 
were acquired using a Fast Spin Echo Multi-Slice (FSEMS) sequence with a time interval of 24s. The 
field of view (FOV) has a size of 40×40mm. We only imaged the 40mm long middle part of the porous 
media using the MRI system. We recorded the MRI images since the CO2-water displacement front began 
to enter the FOV and then scanned the FOV every 24s using the MRI system. From the acquired MRI 
images, the distribution of CO2 saturation could be obtained. 
3. Numerical modeling  
3.1. Mathematical models 
An extend form of Darcy s law, a mass conservation equation, and a local capillary equilibrium 
equation are used to describe the CO2/water flow in porous media [13, 14]:  
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Where,  denotes the Darcy velocity; K is the intrinsic permeability tensor; kr is the relative permeability 
of a certain fluid phase;  denotes the viscosity; P represents the pressure of fluid phase;  represents the 
density; g is the gravity vector;  means the porosity; S stands for the saturation; X means the mole 
fraction; q denotes the Darcy flux; =g, l (representing gas phase and liquid phase, respectively); i 
represents the component (CO2 or water); t is time. A benchmark numerical simulator TOUGH2 [15] is 
used to compute the above equations. 
3.2. Numerical simulation cases and model parameters 
The numerical simulation cases are designed to keep in accordance with the MRI experiment. The 
temperature and pressure conditions of the model are set to be the same as the experimental conditions 
(i.e. 8MPa and 40°C). The mean porosity and permeability of the porous media are specified to be equal 
to 11.3D and 36.0%, respectively. The pore compressibility is also considered and equal to 4.5 10-10 Pa-1. 
According to Brevdo et al. [16] and Pruess [17], the linear relative permeability model, which assumes 
that the relative permeability of any fluid phase is equal to its saturation, is used to calculate the relative 
permeability of CO2 and water in the porous media. Besides, a linear capillary pressure model is also 
used to calculate the capillary pressure of the porous media. In this model, the capillary pressure 
decreases from the maximum value (Pcmax) to 0 with the increasing water saturation [16, 17]. According 
to Lappalainen et al. [18] and Freitas et al. [19], the Pcmax of glass bead packs depends on not only the 
grain size but also the packing approach, and is generally in the order of 103 Pa. Due to the relatively 
larger size of the used glass beads and the relatively looser packing approach (vibratory packing) in our 
experiment, we specify Pcmax to be equal to 2000Pa in the model. When constructing the mesh file for 
TOUGH2, the whole porous media were vertically divided equally into 200 slices, and each slice is 
composed of 80 square meshes. In addition, the boundary conditions of the model are assumed in terms of 
the real experimental conditions. On the upper surface of the porous media, the CO2 injection rate is 
specified to be constant, and CO2 is evenly injected into the whole upper surface. At the lateral margin of 
the porous media, no fluid inflow and outflow are assumed. The pressure on the lower surface of the 
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porous media is specified to remain invariant. Besides, the porous media is initially completely 
water-saturated and the fluids wherein satisfies the hydrostatic pressure distribution.  
Just as shown in Table 1, ten numerical simulation cases are designed in order to comparably analyze 
the influence of the difference in the intrinsic properties of permeability, the CO2 injection rate and the 
capillary pressure on the quantitative prediction of the model. Two different patterns of permeability 
heterogeneity are assumed: (1) the whole porous media are homogenous and have the same horizontal 
permeability; (2) the permeability heterogeneity of the porous media locally satisfies the laminar 
distribution. Three kinds of permeability anisotropy are also constructed in terms of the ratio of the 
vertical permeability to the horizontal permeability (i.e. kv /kh): (1) kv /kh =1.0 for the whole porous media; 
(2) kv /kh =0.2 for the whole porous media; (3) kv /kh is stochastically specified and lies in a range between 
0.2 and 1.0. Three different values (i.e. 1000Pa, 2000Pa and 4000Pa) are specified for the capillary 
pressure Pcmax. Besides, three different CO2 injection rates (i.e. 1ml/min, 3 ml/min and 6ml/min) are also 
used.  
 
Table 1 Numerical simulation cases 
 
Case 
No. 
CO2 Injection 
Rate (ml/min) 
Maximum Capillary 
Pressure (Pa) 
Permeability 
Heterogeneity 
Ratio of vertical permeability 
to horizontal permeability 
1 3 2000 no 1.0 
2 3 2000 no 0.2 
3 3 2000 no random distribution 
4 3 2000 yes 1.0 
5 3 2000 yes 0.2 
6 3 2000 yes random distribution 
7 1 2000 yes random distribution 
8 6 2000 yes random distribution 
9 3 1000 yes random distribution 
10 3 4000 yes random distribution 
4. Results and discussion  
The MRI images of the flooding procedure of the supercritical CO2 in the porous media are shown in 
Fig. 1. Just as shown in Fig. 1, an obviously irregular CO2-water displacement front is observed at the 
early stage of CO2 flowing into the FOV. The frontmost displacement front flows through the FOV 120s 
later, and the displacement process begins to reach a steady state since 408s. In the case of the steady state, 
we can find from the MRI images that there is an obvious CO2 saturation gradient along the porous 
media. Generally, the CO2 saturation decreases from the top to the bottom of the FOV. By the end of the 
flooding test, the average CO2 saturation is measured to approach 75.0%. 
We compute the average CO2 saturation at the different distances from the upper surface of the 40mm 
long middle part of the porous media along the FOV. Fig. 2 shows the variation of the computed average 
CO2 saturation with the corresponding distance for all the numerical simulation cases in Table 1. We 
compare the results of Cases 1~6 to analyze the effect of the heterogeneity and anisotropy of permeability 
on the CO2 displacement efficiency. If ignoring the heterogeneity and the anisotropy (i.e. Case 1), the 
final average CO2 saturation of the porous media in the FOV is about 58.9%, obviously smaller than the 
experimental result. Cases 2~3 assume the permeability anisotropy, and the computed final CO2 
saturations by these two cases (i.e. 88.4% and 65.8%) are larger compared to Case 1. This can be 
attributed to that the CO2 plume migrates more easily horizontally than vertically. In the case of the 
bigger kh than kv, the CO2 displacement efficiency is enhanced in the horizontal direction. When 
considering the permeability heterogeneity (i.e. case 4), the CO2 displacement efficiency can reach 67.4%  
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Fig.1 MRI images of CO2 flooding procedure in porous media
and is higher than the value for Case 1. It indicates that the permeability heterogeneity is propitious to 
enhance the CO2 displacement efficiency. The constructed heterogeneous porous media contain the 
less-permeability layers. These layers can obstruct the downward movement of the supercritical CO2 and 
hence enhance the CO2 displacement efficiency in the horizontal direction. Cases 5~6 allow for both the 
heterogeneity and the anisotropy of permeability and correspond to the final CO2 saturation of 99.9% and 
74.8%, respectively. The comparisons between Case 2 and Case3 and between Case 5 and Case 6 show 
that only assuming a constant kv /kh for the whole porous media will over-estimate the CO2 displacement 
efficiency significantly if the permeability anisotropy presents more stochastically characteristics.
Fig.2 CO2 Saturation profile along the sample for 
different simulation cases. The meaning of all the
cases is introduced in Table 1
Fig.3 Change of CO2 saturation at two different 
locations (A and B) through time. The meaning of 
Case 1, Case 3 and Case 6 is introduced in Table 1
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A comparison among Cases 6~8 is also conducted to analyze the effect of the CO2 injection rate on 
the CO2 displacement efficiency. The obvious dependence of the average CO2 saturation on the CO2 
injection rate is observed (Fig.2). When the injection rate is specified to be equal to 1.0ml/min (i.e. case 
7), the final CO2 saturation approximately attains about 58.0%. The final CO2 saturation can increase to 
92.2% if the injection rate is assumed as 6.0ml/min (i.e. case 8). Case 6, Case 9 and Case 10 are also 
compared to examine the sensitivity of the CO2 displacement efficiency to the capillary pressure. The 
final CO2 saturations predicted by Cases 9 and Case10 are 100% and 46.0%, respectively (Fig.2). 
Because the bigger capillary pressure can usually exert the stronger bondage to pore water, the CO2 
displacement efficiency declines with the increasing capillary pressure. 
What is more, we also investigate the effect of the permeability anisotropy on CO2 transport in the 
porous media. The results at two points located in the middle slice of the porous media in the FOV, A and 
B, are specially outputted in Case 1, Case3 and Case 6. The latter two cases assume the stochastically 
distributed permeability anisotropy. kv /kh is equal to 1.0 at the point A, while it is equal to 0.2 at the point 
B. In other words, the vertical permeability at the point A is larger than that at the point B, because we 
specify the same horizontal permeability at these two points. Fig. 3 shows the evolution of CO2 saturation 
through time at the points A and B in these three cases. It can be seen from the black lines in Fig. 3 (i.e. 
Case 1) that the displacement front of the CO2 plume arrives at the points A and B simultaneously. In 
Case 3 and Case 6 (i.e. the blue and red lines), the displacement front arrives at the point A firstly. These 
indicate that the displacement front of the CO2 plume tends to pass through the region with the higher 
vertical permeability. As a result, the irregular displacement front usually appears in the experimental 
observation (Fig.1). 
5. Conclusions 
By a combined use of the experimental measurement and the numerical modeling to disclose the 
influence of capillary pressure and CO2 injection rate as well as heterogeneous and anisotropic 
permeability on CO2 transport and displacement efficiency in water-saturated porous media, the 
following conclusions can be drawn:  
(1) Both the heterogeneity and the anisotropy of permeability can enhance the CO2 displacement 
efficiency. Ignoring these two permeability properties in the model can result in the obvious deviation in 
the predicted CO2 saturation and transport processes. The enhanced CO2 displacement efficiency by the 
permeability anisotropy depends on the degree and spatial extension of itself. If the stochastically 
distributed permeability represents natural conditions, assuming the constant ratio of the vertical 
permeability to the horizontal permeability will over-estimate the CO2 displacement efficiency. The 
CO2-water displacement front tends to pass through the region with the higher vertical permeability 
firstly, consequently leading to the irregular displacement front.   
(2) The capillary pressure can influence the CO2 displacement efficiency significantly. The higher 
capillary pressure can result in the lower CO2 saturation.  
(3) An obvious dependence of the final average CO2 saturation on the CO2 injection rate can be 
observed. The final CO2 saturation can be enhanced with the increasing injection rate. 
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